Abstr act Bicubic interpolation is a standard method in image interpolation field because of its low complexity and relatively good results. But as it only interpolates in horizontal and vertical directions, edges easily suffer from artifacts such as blocking, blurring and ringing. This paper proposed a new method of image super-resolution which is named directional bicubic interpolation. According to local strength and directions, different ways are used to interpolate missing pixels. Compared with bicubic interpolation, the proposed method can preserve sharp edges and details better. Experiment results show that the proposed method is better than existing edge-directed interpolations in terms of subjective and objective measures, and its computation complexity is low.
Traditional polynomial-based interpolations include bilinear, bicubic [1] and cubic spline interpolation [2] , which have low computation complexity, but easily suffer from artifacts along edges or textures. To remedy this disadvantage, many edge-directed interpolations are proposed. They try to interpolate missing pixels along edges as much as possible. Jensen and Anastassiou [3] detect edges by using an edge fitting operator. Li and Orchard [4] estimate local covariance of HR images with the help of the local LR covariance to match the edge directions. Yang [5] detects local gradient direction with principal components analysis (PCA) as the direction of the edge. Zhou [6] compares gradients of two orthogonal directions to compute local edge strength and direction and use different ways to interpolate missing pixels with different strengths and directions.
Compared with traditional interpolation methods, edge-directed interpolations can preserve shape edges better, but may also generate some artifacts in texture areas. In this paper, we propose a novel method of image super-resolution for 2D images. Simulation results show that compared to existing edge-directed interpolations, our proposed method achieves better results, and at the same time, its computation complexity is low.
2 Pr oposed Algor ithm 1D bicubic only interpolates along horizontal or vertical directions, which results in non-horizontal or non-vertical being smoothed. To solve this problem, we first estimate edge strength and direction through local image gradients. Then for pixels on strong edges or on weak edges and textures, interpolate by different ways.
Local Edge Direction
Before interpolation, the first step is to detect local edge direction. As gradients across edges are larger than along edges, local gradients are used for detecting edge directions. For a digital image, four directions (0°, 45°, 90°and 135°) are considered in a 7×7 neighborhood as follows: 
Suppose the direction across edge is between the biggest two gradients
, where 1 is
, is on a strong edge, the direction of the edge is across 1 max G ; otherwise, pixel ( ) j i, is on a weak edge, the direction of the edge is across a direction between the two gradients.
Algorithm Description
In the paper, we divide pixels into two classes: pixels on strong edges and pixels on weak edges or textures. Take the interpolation of pixel ( )
for example.
For pixels on strong edges, 1D bicubic interpolation is used along edge directions directly. As shown is (2) [5] , if edge direction is 45° or 135°, we choose four nearest pixels along the direction and the coefficients are[-1, 9, 9, -1]/16. While if edge direction is 0° or 90°, we choose eight nearest pixels perpendicular to the direction, and coefficients are [-1, 9, 9, -1, -1, 9 , 9 ,-1]/32. where k is an exponent parameter, and 1 is added to avoid division by zero.
The interpolation result p of pixels on weak edges or textures can be estimate as ( ) . Interpolation is conducted in the same way as step 2 except rotating the axis by 45°.
End 3 Exper iments and Analyses
In this section, we compare our results with four methods: Bicubic interpolation [1] , NEDI [4] , PCAI [5] and DCCI [6] . Fig.2 displays the test images. Table 1 reports the PSNR results under five methods for two times zoom. It can be observed that the proposed method has the best result, which is 0.46dB, 0.44dB, 0.42dB, 0.15dB higher than Bicubic [1] , NEDI [4] , PCAI [5] and DCCI [6] respectively. Table 2 and Table 3 compare structural similarity (SSIM) [7] and feature similarity (FSIM) [8] results, which also show that our method is better. Fig.3 shows partition results of 'Airplane'. It can be seen that the proposed method has the best results. Bicubic interpolation [1] has the most severe blurring (Fig. 3(b) ). NEDI [4] breaks the geometric duality between the LR covariance and HR covariance, and generates speckle noise (Fig. 3(c) ). PCAI [5] simply divides directions into four classes which doesn't match the structure of real images, and has obvious blurring artifacts (Fig. 3(d) ). DCCI [6] generates shape edges but has weak subjective results (Fig. 3(e) ). Fig.4 and Fig.5 are partition results of 'Airplane' and 'Doll', which also show similar results. (c) NEDI [4] . (d) PCAI [5] . (e) DCCI [6] . NEDI [4] . (d) PCAI [5] . (e) DCCI [6] . (f) Proposed
Computation Complexity
To decrease computation complexity, we dramatically use bilinear interpolation based on variance σ . Table 4 is the average percentage of pixels interpolated by bilinear and the proposed method about 6 test images in this paper. It can be seen that about 33.50% of the pixels can use bilinear interpolation directly. 
Conclusion
In this paper, directional bicubic interpolation -a novel method of image superresolution is proposed. Unlike 1D bicubic interpolation [1] which only interpolates along horizontal and vertical directions, the proposed method increases flexibility to interpolation along arbitrary directions. Experiments show that the proposed method is better than modern edge-directed interpolations in both subjective and objective measures. Moreover, as we dramatically use bilinear interpolation based on local image variance, the computation complexity is low and this method can be used in real time.
